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ABSTRACT 
The flow field behind a circular  cylinder was 
investigated experimentally a t  a nominal Mach number 
of 5. 7, over a range of Reynolds numbers from 4500 
to 66, 500, based on the cylinder diameter. Pitot 
pressure ,  static pressure ,  and total temperature 
were measured a t  various distances behind cylinders 
of three different diameters in order  to determine 
the flow properties in the wake. To correlate data 
a t  different Reynolds numbers and to dis criminate 
turbulent wakes from laminar wakes, a linearized 
theory for the laminar far wake was developed, which 
included the effects of axial pressure  gradient. The 
transition from laminar flow to turbulent flow was 
also determined by computing diffusion coefficients 
f rom the velocity profiles. The transition thus 
determined was correlated with the results obtained 
f rom mass  -diffusion measurements and hot-wire 
fluctuation measurements.  
NOMENCLATURE 
Constant determined from initial conditions 
Constant determined f rom initial conditions 
Chapman-Rubesin constant in linear vis cosity-temperature relation, 
=P Specific heat a t  constant pressure  
- l im 
D~ Transformed diffusivity number, . Y -0 W~ ln - 
W 
Cylinder diameter 
H Total - enthalpy ratio, - 
He 
Total enthalpy 
Static enthalpy 
Thermal conductivity 
Length of two-dimensional flow 
Mach number 
Static pressure  
Atmospheric pressure  
Free-s t ream stagnation pressure,  absolute 
P Free-s t ream stagnation pressure,  gage 
Og 
PP Pitot pressure  
Q Heat transfer  to the body 
Red Free-  s t ream Reynolds number based on cylinder diameter, 
P, u,d 
Rex Reynolds number based on distance along body and conditions at  
edg6 of boundary layer 
Towns end Reynolds number, ( u e -  US) Ye 
 re^ T 
T Absolute temperature 
Taw Adiabatic wire temperature 
To Stagnation temperature 
u Component of velocity parallel to wake centerline 
u Transformed u, - 
Ue 
v Component o velocity normal to wake centerline a - v Transformed 
W Dependent variable 
u Velocity defect, 1 - - 
ue 
x Length along wake centerline measured from center of cylinder 
Transformed x, Pe CeUe measured from neck 
0 f', k " a  d '  
X o .  Effective origin for x upstream of neck 
Y Length normal 'to wake centerline measured from line through 
center of cylinder 
Y 
P dy Transformed y ,  $ - - 
Pm d 
0 
Specific- heat ratio 
Turbulent diffusivity 
Variable in y- dire  ction 
00 
PU u 
Momentum thickness, 2 
Angle of cylinder measured from stagnation point 
Dynamic viscosity coefficient 
P e  T Viscosity parameter ,  - for turbulent, 1 for laminar 
P 
P Kinematic viscosity coefficient, - 
P 
Variable in x- direction 
Density 
C ~ P  Prandtl  number, - 
k 
Hypersonic viscous interaction parameter,  M*~K 
Subscripts: 
E Centerline 
e Conditions a t  outer edge of wake 
inv Inviscid 
m Measured 
r Reference 
t r  Transition 
o Initial conditions (usually taken a t  neck) 
* 
ca Free-  s t r  eam conditions 
INTRODUCTION 
The nature of wakes i s  one of the oldest basic problems in the field of 
c lass ica l  fluid mechanics. Although the low-speed regime of wakes has been 
discussed in severa l  t rea t i ses ,  :: i t  was only recently that research  was 
directed toward the phenomenon of high-speed flow. The development of 
intercontinental ballistic miss i les  and hypersonic reent ry  vehicles has 
kindled interest  in high-speed wakes. 
One of the m o r e  interesting aspects  of hypersonic wakes is the ext reme 
length of observable phenomena. For  example, it i s  reported by Jacchia 
that during the descent of the 1957 Soviet satelli te,  Beta One, the burning 
object t rai led a luminous ta i l  approximately 100 k m  long? A comment of 
Jacchia's concerning the visual observation of Beta One's descent describes 
the spectacular character  of the object's reentry: 
Tai l  was 25-30 nautical miles  long; f r o m  white i t  
degraded into dark red  and then into a black smoke 
t r a i l  without seeing the end of it. 
Contemporary techniques employed in predicting observable phenomena 
a r e  inadequate, because the theoretical models devised for this purpose have 
not received experimental confirmation. While some information about 
g ross  quantities (i, e. , wake width).has been obtained f rom downrange 
measurements  and ballistic ranges: i t  i s  difficult to obtain detailed state 
propert ies  that would permit  the basic s tructure of the wake to be determined 
experimentally. For  example, Lees and Hromas':::* were  able to confirm 
*References 1 to  6 .  
Reference 7. 
%References 8 and 9. 
:::$Reference 10. 
their  theory for  turbulent wakes only by shadowgraph and schl ieren measure -  
ments  taken in ballistic ranges;  consequently, no confirmation of s ta te  
proper t ies  has  thus f a r  been possible. F o r  the laminar-flow regime,  the 
severi ty  of the situation i s  even m o r e  cr i t ica l  because of the dearth of 
experimental data. 
Perhaps the ma jo r  obstacle in correlat ing theory and experiment in 
hypersonic wakes i s  the difficulty of obtaining reliable and detailed experi-  
mental  data. Atmospheric r een t ry  involves a tempera ture  and Mach number 
reg ime that cannot be effectively simulated by known devices for extended 
periods.  Therefore,  only l imited data have been secured,  e i ther  f r o m  
short-duration experimental  facil i t ies (shock tunnels and ballist ic ranges)  o r  
f r o m  actual flight (an expensive technique where resu l t s  a r e  not easi ly  
duplicated). Unfortunately, these data have been inadequate in proving even 
the mos t  unsophisticated theories  of hot, viscous, hyper sonic wakes. 
One tool generally overlooked in  the study of hypersonic wakes i s  the 
conventional wind tunnel. Although the wind tunnel does not simulate the 
high Mach number and the high tempera ture  attained during reent ry ,  i t  does 
make possible the confirmation of theoret ical  models by providing a means 
of measuring s tate  proper t ies  throughout a hypersonic flow figld. One major  
advantage inherent in wind tunnel testing i s  the capability of varying the 
Reynolds number - an extremely important parameter  in viscous and wake 
phenomena-independently of other quantities, enabling the Reynolds number 
effect to be determined explicitly. A systematic hypersonic wake study 
program,  employing the hypersonic wind tunnel a s  the experimental tool, has  
been in progress  a t  GALCIT for  some t ime.  
Figure 1, which is a schlieren photograph of a circular  cylinder at 
Mach number 5.7, designates the flow field segregated into various classical  
regions. The c lass ica l  regions a r e  i l lustrated in Figure 2 .  Each region can 
be t reated analytically. After individual analyses,  they can be figuratively 
assembled like a jigsaw puzzle, matching boundary conditions and, if neces-  
sary ,  using iterative procedures. The present  investigation is focused upon 
the wake region shown in Figure 2. 
At GALCIT the problem has been gross ly  divided into three regimes: 
( 1 )  neck, (2) near  wake, and (3) f a r  wake. This paper i s  the resul t  of one of 
severa l  investigations of the near  wake, a region in which the static p r e s s u r e  
has  not yet reached the ambient value. Previous investigations have been 
concerned only with specialized measurements.  For  example, Demetriades * 
t 
has  inve stigated transition by hot-wire anemometry; Mohlenhoff and 
% 
Kingsland have studied mixing by means  of helium and argon diffusion; 
tt 
Dewey** is studying the base-flow region; and Behrens investigating the 
f a r  wake by utilizing thin, heated cylinders a s  models, i s  engaged in deter  - 
mining flow propert ies  in the f a r  wake by means of hot-wire anemometry. 
Lees and Hromas have indicated severa l  important differences 
between the low-speed and high-speed wake s t ruc ture  behind blunt bodies; 
viz., the existence of a stable shear  layer  (see  Figures 1 and 2) ;  the very 
*Reference 11. 
t Reference 1.2. 
-) Reference 13. 
?&*Reference 14. 
+? Reference 15. 
smal l  initial momentum thickness o r  drag a t  the neck compared to the 
total  drag of the body; and the lack of evidence of character is t ic  shedding 
frequencies, a t  leas t  in nonionized a i r  a t  supersonic and hypersonic speeds. 
The theoretical problem of hypersonic wakes was f i r s t  t reated by 
Feldman'g, who devised a simple model of the wake flow. Feldman's  basic 
t 
approach has  been extended by Lykoudis. More recently, Lees and Hromas 
have attacked the problem of turbulent diffusion in the wake by using inte-gral 
methods to solve the boundary-layer equations. The two-dimensional 
laminar hyper sonic wake with s t reamwise p r e s s u r e  gradient has been solved 
+ by Kubota, using linearized equations. 
The purpose of the present  investigation i s  to obtain reliable experi-  
mental data of the two-dimensional wake flow behind a c i rcular  cylinder-the 
s implest  model that could be devised. With these data supplemented by other 
experiments,  transition f r o m  laminar to turbulent flow in the wake can be 
defined a s  a function of Reynolds number. Comparison between theory and 
experiment for the laminar  region i s  then possible. 
Three  state propert ies  were  selected for  measurements:  (1) pitot 
p ressu re ,  (2) static p ressu re ,  and (3)  total  temperature.  
Pi tot-pres  su re  measurements  drew initial attention bedause these 
were  obtained accurately and quickly; they could also be used to define the 
geometry of the flow field a s  well  a s  determine one state property. 
An experimental verification was attempted to demonstrate that the 
s tat ic  p r e s s u r e  was nearly constant with ver t ica l  distance in the  wake (as 
expected f r o m  theory). Static p ressu res  were  a lso  employed to  determine 
the twa- d i m e n s ' i ~ n a l i t ~  of the flow field. Finally, axial t r ave r ses  were  
made along the centerline to obtain a second state  property. 
Minimum effort was expended in determining total-temperature 
because the model used was almost  completely insulated; thus, only slight 
variations in total  temperature were  present.  However, sufficient total- 
tempera ture  data were  gathered to determine the dependence of this state 
property on f r e e - s t r e a m  Reynolds number. In the process  of investigating 
the near-wake character is t ics ,  it was necessary  to make base-pressure  
measurements  in order  to extrapolate s ta t ic -pressure  data upstream. 
Once the flow field was established experimentally, the data were  used 
to define transition f rom laminar  to turbulent flow to separa te  these two 
regimes.  
EXPERIMENTAL TECHNIQUES 
GALCIT HYPERSONIC WIND TUNNEL 
All t e s t s  were  conducted in the GALCIT hypersonic wind tunnel, leg 1 
(Figure 3) .  The t e s t  section of this tunnel is 5 inches in width and 5 1 / 4  
inches in height. The wind tunnel i s  a continuous-flow, closed-return device, 
with a nominal fixed Mach number of 5.7 in the region where the model was 
ultimately placed (1 7.34 inches f rom the throat).  A complete description 
of the compressor  and the associated instrumentation i s  given by Baloga 
and Nagamatsu. 'k 
The reservoi r  p r e s s u r e  ranged f r o m  0.00 to 100.00 psig, with an 
accuracy  of *0.02 psig and with corresponding Reynolds numbers  between 
33,000 and 260,000 pe r  inch, based on f r ee - s t r eam conditions. The auto- 
matical ly controlled r e se rvo i r  temperature can be varied between 225 and 
325 F. A reservoi r  tempera ture  of 262 F was selected for all tes t s .  This 
temperature closely approached the minimum for good flow without conden- 
sation effects for the nominal operating dew points. The maximum 
tempera ture  was limited to approximately 275 F by the sa ran  tubing used 
in the pressure-recording systems. The re se rvo i r  temperature could be 
maintained constant to within *1 F. The nominal operating dew point was 
l e s s  than -40 F ;  however, a f te r  approximately eight hours  of steady testing, 
the  dew point began to deteriorate.  No data were taken a t  dew points higher 
than -25 F. 
On the basis  of prel iminary measurements ,  the models were  located 
a t  17.34 inches f rom the throat (Figure 3). The downstream limitation of 
flow uniformity was determined by disturbances originating slightly upstr earn 
of the junction of the model with the wind tunnel's sidewalls (discussed la ter  
in  this section) and not by the test-section rhombus. 
I Table I. T e s t  Summary  
Table I indicates that  a n  at tempt  was  made to  duplicate Reynolds number 
by varying both the  density and the model  size. An exact duplication was not 
possible because of the variations in  f r e e - s t r e a m  Mach number caused by 
Model 
" d 
(inch) 
0,300 
0.300 
0,300 
0.300 
0.200 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
stagnation p r e s s u r e  changes that influence boundary-layer thickness on  t h e  
nozzle walls. The 3-to- 1 ra t io  in model s i ze  and the 6-to- 1 ra t io  in absolute  
P o  g 
( ~ s i g )  
85.00 
60.00 
35.00 
10.00 
96.68 
59.48 
22.48 
3.80 
59.42 
22.54 
3.84 
stagnation p r e s s u r e  promised  the possibil i ty of obtaining a sufficient 
var ia t ion in  Reynolds number to  determine its effect on wake propert ies .  
To 
(OF) 
2.6 3 
2 63 
2 62 
2 62 
2 64 
2 63 
2 62 
2 60 
2 63 
2 62 
2 60 
Red 
( x l ~ ' 3 )  
66.5 
49.4 
32.7 
16.7 
49.3 
32.7 
16.6 
8.58 
16.3 
8.28 
4.29 
PITOT-PRESSURE MEASUREMENTS 
Obtaining reliable,  experimentally verified, total-pr e s  s u r e  surveys at 
various axial distances in the wake and the adjacent inviscid flow region 
constituted one of the experimental program's  major  efforts. This total  
p r e s s u r e  not only provides one flow parameter  but also represents  an  
accura te  measurement  of wake geometry. 
The smal l  variable-reluctance differential p r e s s u r e  t ransducer  shown 
in Figure 4 was selected a s  the basis  for  a very low-time-constant p ressu re -  
recording system. The volume of the t ransducer  with i t s  glass  measuring 
t ip  was very small;  also, the length of the tubing f r o m  the probe tip to the 
t ransducer  was minimal,  so that the t ime constant was minimized. The 
t ime constant of this pressure-recording system was about 50 milliseconds. 
This  was determined by driving the probe through the bow shock generated 
by the cylindrical model. 
The reference side of the t ransducer  was connected to a vacuum 
reference ,  and the measuring side of the t ransducer  was connected to the 
g lass  tip (about 1-inch long with the dimensions shown in Figure 5). The 
outside diameter at  the apex of the g lass  tip was selected a t  0.039 inch, 
s m a l l  enough to obtain sat isfactory resolution and large enough, to minimize 
the  effects of Reynolds number. 
To calibrate the t ransducer ,  another glass  tip of exactly the same 
geometry a s  the original measuring g lass  t ip  was located a known distance, 
0. 149 inch, below the measuring tip (Figure 5). This calibration t ip  was 
connected to a mercury  micromanometer  with which p r e s s u r e s  could be 
measured  to 0.001 c m  mercury .  
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The p ressu re  t ransducer  was used with a CEC c a r r i e r  amplifier,  which 
furnished a 5-volt 20-kilocycle c a r r i e r  signal and amplified and demodulated 
the output f r o m  the t ransducer ,  producing as final output a dc -signal up to  
75 millivolts. Since the output was sensitive to the temperature to which 
the t ransducer  was subjected and which varied over  a la rge  range, the t r a n s -  
ducer was houged in a head that was water-cooled to provide a constant 
tempera ture  during a ver t ica l  t r a v e r s e  (Figure  4). The temperature of the 
t ransducer  was monitored by cementing a standard thermocouple on the 
t ransducer  case  ( s e e  Figures  4 and 5). 
The pitot-pre s su re  probe was moved vertically f r o m  outside the tunnel 
by lead- screws activated by a motor. The probe-positioning gearing turned 
the helipot potentiometer that converted the probe position to a l inear  elec- 
t r i c a l  signal that was fed into the autograph recorder .  The sys tem block 
diagram i s  shown in Figure 6. 
The calibration procedure was to record  the final voltage output of the 
p r e s  sure-recording system, move the probe vert ical ly 0.149 -inch, and 
measure  the p r e s s u r e  with the mercury  micromanometer .  All calibrations 
were  obtained with the pressure- recording  system installed ready for  use. 
P r e s s u r e  was varied by changing the stagnation p r e s s u r e  of the wind tunnel. 
Axial positioning was provided by another driving mechanism. The 
axial position of the probe was determined by a counter attached to the axial 
dr iver .  The counter was calibrated af ter  tempera ture  equilibrium was 
established through severa l  hours of wind tunnel operation. 
Finally, because flow inclinations up to 15 degrees were  encountered 
in  the flow field, measurements  were  made to determine the angle-of-attack 
sensitivity of the pitot probe, The resul t s  of this calibration showed that the 
pitot probe i s  relatively insensitive to  angle of attack in the range of in teres t  
(*15 degrees).  Estimated accuracy of the pi tot-pressure measurements  i s  
4 Applp0 = *lo- . 
Typical pi tot-pressure t r a c e s  a r e  shown in Figure 7. Isoaxiometric 
visualization of the ent i re  flow fields for two typical cases  a r e  shown in 
Figures  8, 9, and 10. Figure 9 shows the  flow field around the neck region 
il lustrated in Figure 8. Figure 8 represents  a turbulent case ,  and Figure 10 
represents  a laminar case.  
STATIC -PRESSURE MEASUREMENTS 
The static p r e s s u r e  was measured  by means of a smal l  probe connected 
to  a sensitive variable reluctance t ransducer  located outside the wind tunnel 
(Figure 11). The ent ire  sys tem was outgassed for  severa l  weeks before 
recording final data. The reference p ressu re  on the t ransducer  was main- 
tained at approximately four microns of mercury;  it was measured by a 
Stokes gauge equipped with a liquid-nitrogen cold trap. As with the pitot- 
p r e s s u r e  measurements ,  the s tat ic-pres  s u r e  recording syste'm was calibrated 
by varying the stagnation p r e s s u r e  of the wind tunnel over a wide range. 
The CEC c a r r i e r  amplifier was used also for the s ta t ic -pressure  recording 
sys tem (Figure 6). 
To establish the fact  that the p r e s s u r e  was nearly constant a c r o s s  the 
viscous wake, a s  expected f r o m  theory, several  vert ical  s ta t ic -pressure  
A typical vert ical  s tat ic-pressure survey is shown in Figure 12, It should 
be noted that the static p ressure  i s  constant a c r o s s  the wake and almost  
constant up to'the trail ing shock. 
To tes t  the two-dimensionality of the flow field behind the cylindrical 
rod, the s tat ic-pressure distribution was measured in the horizontal d i rec-  
tion paral lel  to  the cylinder axis. Several t r ace  surveys were  made at 
various axial positions downstream of the 0.300-inch and 0.100-inch models. 
These surveys revealed'that a disturbance originated ahead of the intersection 
of the model with the sidewalls of the wind tunnel. As a resul t  of these tes ts ,  
the l imits  of two-dimensional flow (Figure 13) were  identified. As noted i n  
Figure 13, the distance, L z - ~ ,  was a function of model s ize and wind tunnel 
stagnation p ressure .  
As with the pi tot-pressure probe, the angle-of-attack sensitivity of 
the s ta t ic -pressure  probe was determined. Unlike the pitot-pres sure  
measurements ,  however, the flow inclination around the s tat ic-pre s sur  e 
probe i s  very nearly zero;  therefore,  the only e r r o r  in angle of attack i s  
due to installation, which i s  estimated to be accurate  to  l e s s  than one degree 
(the order  of magnitude of the flow uniformity). 
After establishing that the p ressure  was nearly constant ac ross  the 
wake and af ter  identifying the boundaries of the two-dimensional region 
behind the model, s tat ic-pressure t r a c e s  were  taken along the centerline of 
the wind tunnel and behind the models for  the eleven conditions cited in  
Tpable I. 
The resu l t s  of these t e s t s  a r e  shown in Figure 14. The s ta t ic -pressure  
t r a c e s  were  again checked by measuring the p r e s s u r e  a t  s eve ra l  different 
stations on various days. Est imated accuracy  of the s t a t i c -p res su re  measure -  
ments  i s  ~ p / p ,  = *0.005. All axial  s ta t ic -pressure  t r a c e s  were  supplemented 
by corresponding tunnel-empty surveys.  
The or if ices  of the s ta t ic -pressure  probe were  located a fixed distance 
behind the apex of the probe cone; therefore,  i t  was not possible to obtain 
experimental values of static p r e s s u r e  close to the neck. Consequently, i t  
was necessary  to est imate the s tat ic  p r e s s u r e  in the vicinity of the neck f r o m  
available data. Unfortunately, because the axial  gradient in s ta t ic  p r e s s u r e  
i s  high, the extrapolation ups t r eam of the measured  data i s  inaccurate unless  
a value of the static p r e s s u r e  a t  the neck i s  available. The s tat ic  p r e s s u r e  
slightly behind the neck was est imated by considering the base flow region. :k 
TOTAL-TEMPERATURE MEASUREMENTS 
Total tempera ture  was measured  by an  unshielded thermocouple with 
heated supports,  shown in F igure  15. The heating of supports was controlled, 
so  that the support tempera ture  was equal to  the tempera ture  indicated by 
the thermocouple . 
Because each total  tempera ture  t r ace  required several 'hours ,  only the 
t r a c e s  shown in Figure 16 were  taken with the corresponding tunnel-empty 
data. These t r aces  were  considered adequate for defining total- temperature 
variation in the wake a s  a function of Reynolds number, especially since the 
vicinity of the neck) even for laminar flow. 
When the tunnel-empty data were  reduced, they confirmed the calibration 
of r e se rvo i r  tempera ture  to within 3 F. This difference i s  well within the 
value of Taw/ To = 0.95 *0.0 1 for  continuum flow given by Laufer and 
McClellan. =: Although the absolute level of f r ee - s t r eam total temperature 
was accurate  t o  within 3 F, the accuracy of total-temperature distributions 
i s  even m o r e  satisfactory because they represent  variations f rom a reference 
value. The accuracy of the thermocouple measurements  is estimated a t  
BASE- PRESSURE MEASUREMENTS 
To extrapolate the measured s ta t ic -pressure  t r aces  in the wake up- 
s t r eam,  it was necessary  to measure  the base p r e s s u r e  of the model 
accurately. Only the 0.300-inch diameter cylinder was used because of the 
finite s ize of the s tat ic-pressure orifices.  The 0.009-inch diameter orif ice 
(Figure 17) was a s  small  a s  practicality permitted, and it corresponded to 
about 3 degrees for the 0.300-inch diameter.  
This experiment utilized three holes to check data duplicability; this 
was accomplished by blocking one or  two holes. After duplicability was 
established, the t ime constant of the total sys tem was considerably reduced 
by simultaneous use of the three  holes. The pressure-recording system for  
this  experiment was identical to the sys tem discussed ea r l i e r  for static- 
p r e s s u r e  measurements .  The calibration counter (Figure 17) had a 100-to- 1 
tu rn  ratio, permitting the angles to  be measured to *O. 01 degree. 
The base-pressure  measurements  determined by th is  experiment a r e  
shown in  Figure 18b. This f igure a lso  plots the authors1 best  est imate of 
the data of Tewfik and Giedt, ':' whose experiments were  made at a much lower 
Reynolds number than the present  tests .  In Figure 18b, the region of r e v e r s e  
flow i s  evident, especially at high stagnation pressure .  Accuracy of the 
base-pressure  measurements  was estimated a t  A p(6)  /p(O) = *O. 02 for  the 
lowest stagnation p ressu res ,  a s  determined by the symmetry  of the experi-  
mental  data about the r e a r  stagnation point. F o r  the highest stagnation 
p ressu res ,  the accuracy was est imated at Ap(@)/p(O) = *0.01. 
* Demetr iades integrated the pr  e s su re  s obtained f rom this experiment 
and calculated a drag coefficient of 1.27 for  the cylindrical rod, compared 
t o t h e v a l u e o f  1.2 to  1.3 predicted b y ~ e r r i ?  The p r e s s u r e  distributions 
obtained a r e  shown in Figure 18a. This figure a lso  plots ,the values of Tewfik 
and Giedt. The accuracy of the data of Figure 18a was limited-only by 
the graphical reading e r r o r  and the finite s ize of the p r e s s u r e  orifices 
As seen in Figure 18a, the dimensionless p r e s s u r e  distribution around 
the cylinder up to 0 = 90 degrees i s  practically iridependent of Reynolds 
number in the range considered. This i s  attributable to  the fact that the 
effective shape of the cylinder does not change appreciably. It is obvious 
that the base pressure is  a function of Reynolds number. 
DATA REDUCTION 
Reynolds number corrections to measured pitot pressures may be 
necessary for very low Reynolds numbers, but for the present tests, the out- 
side diameter of the glass tip used for  pitot measurements (Figure 5) was 
chosen to preclude corrections when reducing the experimental data. No 
account was taken of the effective displacement of streamlines caused by 
velocity gradients present in the wake. This correction was estimated to be 
l e s s  than 10 percent of the wake width for the worst case,  i. e. , in the vicinity 
of the neck. 
To correct  the values of static pressure  for  boundary-layer effects, a s  
measured by the probe shown in Figure 11, Matthews' data, which were taken 
for  static-pressure probes of the same geometry a s  that used for the present 
tests ,  were used. Xc Based on his data, a value of the viscous interaction 
parameter,  .X , was calculated. A linear variation was then assumed for the 
value of measured pressure to ideal pressure,  a s  a function of the viscous 
interaction parameter 
This variation i s  less  than that for  a n  insulated flat plate a s  discussed 
t by Hayes and Probstein. . 
The temperature measured  by the heated thermocouple is the adiabatic 
wire  temperature assoc ia ted  with infinite aspec t  ratio. However, the 
adiabatic wire  tempera ture  must  be cor rec ted  f o r  the recovery factor  to 
obtain the t rue total temperature.  This correct ion was accomplished with 
data based on Dewey's work. F o r  free-molecule  flow and continuum flow, 
the rat ios  of adiabatic wire  temperature to total tempera ture  a r e  7 16 and 
0. 95, respectively. 
As  noted in the preceding portions of this section, the accuracy of each 
measurement  was carefully identified, However, because of the many 
involved calculations necessary  in obtaining final data, the accuracy of the 
final product can only be roughly estimated. It i s  es t imated that the over-al l  
accuracy  of the final experimental data is f rom 2 to 4 percent fo r  the d i s t r i -  
butions of normalized velocity, s ta t ic  enthalpy, and total enthalpy, except in 
the immediate region of the neck. It i s  estimated that the computed absolute 
values of the centerline quantities i s  accura te  to within 5 percent.  The 
major  source of e r r o r  was the extrapolation of s ta t ic  p res su re  into the neck 
region. 
RESULTS AND DISCUSSION 
Before discussing the experimental resu l t s ,  a l inearized laminar-wake 
theory i s  discussed briefly,  It i s  assumed that the flow in the viscous wake 
i s  descr ibed by the boundary-layer equations. By introducing the following 
transformation 
, the differential equations become 
where,  
and, 
The boundary conditions become 
; (x, fa) = g (x, f 0 0 )  = 1 
a u ( x ,  0 )  = *  ( x ,  0 )  = o m  
a7 a Y 
It is assumed that the Prandtl  number i s  constant (not necessari ly = l ) ,  
and, analogous to the Chapman-rube sin relation for  l inear temperature - 
viscosity relationship,. 
P P  = pe Ye* 
In o rde r  to l inearize Equations 4 and 5, let 
- 
u =  1 ' -  W 
G = g - 1  (1 21 
and assume the velocity defect, w <  < 1. Substituting intb Equations 4 and 5 
and retaining lowest-order  t e r m s ,  we obtain 
where  
with the boundary conditions 
Equations 13 and 14 reduce to the diffusion equation 
Thus, the solutions of Equations 13 and 14 fo r  G << w and initial delta 
functions a t  the origin of 2 a r e  
where A and B a r e  determined from the initial condition (usually taken 
a t  the neck) i 
f j  i s  the momentum thickness 
and Q i s  the heat transfer to the body. 
From Equation 22  
As shown in the given equations, the value of the momentum thickness 
and wake width a t  the neck must be known a s  initial conditions for theoretical 
analyses. Lees and Hromas have estimated these quanti.ties and shown that 
they should vary a s  ( ~ e ~ ) - l  l 2  based on estimates of skin friction around the 
body and the pressure  r ise  a t  the neck. Experimental values,bqsedon the 
present tests,  a r e  shown in Figure 19. In Figure 19, eleven points a r e  
shown corresponding to the combinations of cylinder diameter and Reynolds 
number given in Table I. The wake width was obtained from pitot-pressure 
measurements, and the momentum thickness was calculated from experi- 
mental data. The axial location of the neck was taken a t  x ld  = 2. 50 for the 
0. 300-inch diameter cylinder and x/d  = 3. 00 for the other models. Figure 1 9  
shows that these quantities do vary  a s  (Red) - ' I 2  The sca t t e r  of Figure 19 
i s  probably due to the effect of the velocity gradient on pitot measurements .  
The exact axial  location of the neck, which va r i e s  with Reynolds number,  was 
not known. 
The analysis shows the 2 (< - 1)and Me w vary a s  ( 2 ) -  ' along the 
wake centerline. The resu l t s  f rom the experiments a r e  plotted in Figures  
20 and 21. Figures  20 and 21 show that there is definitely a Reynolds number 
correspondence for the laminar  theory. The two runs which do not c o r r e -  
spond with the base line a r e  interpreted to be fully turbulent. It should be 
noted that the static -enthalpy excess  and the velocity defect fo r  the turbulent 
c a s e  a l so  var ies  a s  (2) - ' I 2  , when turbulence i s  fully established. The 
representations of F igures  20 and 21 can  a l so  be used as measures  of 
transition. At transit ion, the values of velocity defect and static-enthalpy 
excess  decrease  much m o r e  rapidly than for  the laminar  case  because of 
m o r e  efficient mixing processes .  
Since the velocity and the tempera ture  in the inviscid flow outside of 
the viscous wake a r e  not constant but vary parabolically, the viscous contr i -  
bution to the profile was obtained by subtracting the extrapolation of the 
inviscid profile into the viscous region. This i s  perfectly corisistent with the 
spikit of the laminar  boundary-layer theory. When the velocity and the tem-  
pera ture  from the experiment a r e  plotted against  the square of the distance 
f r o m  the wake centerline,  the points lying outside the viscous wake fall on a 
s t raight  line, which can be easily extended into the viscous region (Figure 
22). The viscous profiles thus obtained a r e  plotted in Figures  23 and 24 f o r  
1 * 
the lowest ~ e ~ h o l d s  number c a s e s  fo r  the 0. 100-lnch and the 0. 200-inch 
d iameter  cylinders (Table 1). The form of the absc i s sa  i s  suggested by the 
,foregoing analysis and avoids the ambiguity of defining the wake edge. The 
additive constant, Z in Figure 24, is the location of the virtual or igin of the 
0 ' 
wake, determined f rom the variation of the centerline velocity and tempera-  
ture .  * F o r  the 0. 100-inch diameter  cylinder,  t he re  is good agreement  
between the experiment and the l inearized theory beyond nine d iameters  
downstream. Evidently, f o r  the region of the wake c loser  to the neck, the 
constant convection assumption used f o r  l inearization (w << 1 ) is no longer 
valid. 
Lees  and Hromas assumed the Townsend value of "universalt '  turbulent 
Reynolds number of 12. 5 fo r  the centerline conditions in the turbulent wake. 
To inve stigate this a s  sumption experimentally,  consider the momentum 
equation a t  the centerline. 
2 
In o r d e r  to  obtain d without differentiating experimental data twice, the 
ay2  
method f i r s t  proposed by Kingsland t o  reduce diffusion measurements  was 
used. Assuming that the velocity profile nea r  the center  is close t o  
Gaussian, 
we obtain 
giving 
where the diffusivity number i s  defined by 
lim 
Y e 0  [:?$I d In- 
Plots of the parameter,  W E  , versus vertical distance near the 
centerline a r e  shown i n  Figure 25 for a typical case (Table I). From these 
plots it  was then possible to obtain the diffusivity number. 
Once DN i s  determined, ( eT)  i s  given by 
The expression on the right-hand side of the above relation i s  equal to unity 
in laminar wakes and greater than unity in turbulent wakes. Figure 26 
presents this expression, denoted by 6;, evaluated for several cases.  It 
shows that is about unity in low Reynolds number cases,  ,grows greater 
than unity a t  downstream stations in medium Reynolds number cases ,  and 
is  larger than unity throughout the wake in the highest Reynolds number case. 
, The Towpsend Reynolds number Re i s  defined by T 
This definition of ReT differs slightly from that of Reference 4, where, in 
place of ye, the length used i s  the distance from the center at which the 
velocity defect is e- of the maximum defect. 
To obtain experimental values of the Townsend Reynolds number, 
it is necessary to differentiate two experimental quantities that subtract 
from each other to eval.uate the turbulent diffusivity (Equation 31). There- 
fore, the accurate determination of this quantity i s  very difficult. In any 
case,  the tentative value, ReT = 10*5, was obtained. This value agrees 
very well with that used by Lees and Hromas in their theoretical treatment 
(ReT = 12. 5). The results  also compare favorably with those of Kingsland, 
where he estimated the value, ReT = 12. 
EXPERIMENTAL DETERMINATION OF TRANSITION 
As indicated in the foregoing discussion, a qualitative definition of 
transition could be obtained from plots of state properties along the center- 
line. Another definition i s  possible by calculating the Townsend Reynolds 
number discussed previously. Perhaps the best definition, however, was 
- 
obtained from plots of transformed diffusivity number, DN, versus axial 
.(r 
distance . -,* 
Using all available inputs, the results for these tests  a r e  superimposed 
on those of ~ e m e t r i a d e s ~  in Figure 27. For the eleven runs shown in Table I, 
seven transition points could be obtained-two cases being fully laminar and 
two cases fully turbulent. The comparison with Demetriades' data is 
surprisingly good. Since the edge properties could be determined with the 
present measurements, it  was possible to define a transition Reynolds 
number based on local conditions and distance from an effective origin. 
% Its value was calculated a s  85,000. 
CONCLUSIONS 
An experimental investigation has been made of the flow behind a 
circular cylinder at a nominal free - s  tream Mach number of 5.7. The 
Reynolds number was varied by changing both the diameter of the cylinder 
and the stagnation pressure of the wind tunnel-the former over a three-fold 
range and the latter over a six-fold range. Enough measurements were made 
to completely define the flow field at various stations downstream. 
From these measurements, it i s  concluded that (1)  the base flow region 
is laminar for the entire range of Reynolds number in the present experiment, 
( 2 )  static pressure is nearly constant across the wake, ( 3 )  the near wake is 
laminar for low Reynolds number cases and becomes turbulent a s  Reynolds 
+Reference 11 
' ) ~ u r t h e r  discussion of transition incorporating these data is given in 
Reference 27. 
'ndmber i s  incqea'sed, and (4)  the transition in the wake occurs when the 
Reynolds number based on edge conditions and the distance from the body 
exceeds 85,000. 
A linearized laminar wake theory was developed based on the Oseen 
approximation. Correlation of the experimental data with theory for 
laminar flow was then made. The theoretical prediction of centerline values 
of static enthalpy and local velocity based on this theory were in excellent 
agreement with the experimental results. Distributions of static enthalpy 
and local velocity in the wake agree with the theory for downstream stations 
greater than about nine diameters, if provision is  made for an "effective" 
origin based on the axial distribution of the velocity and the enthalpy a t  the 
centerline. 
A qualitative experimental value of the Townsend Reynolds number 
for turbulent flow on which the theory of Lees and Hromas i s  based was 
obtained. Its value was determined a s  ReT = 10*5. In the present experi- 
ments, accurate definition of the turbulent wake was very difficult since 
the pitot pressure defect decays very rapidly in the turbulent wake. Further 
experiments a r e  needed to investigate the turbulent wakes in hypersonic 
flow, especially the effect of interaction with external vorticity. 
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